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The study area comes in one of the eight districts of West Bengal where groundwater
contains arsenic above the prescribed limit by WHO (10µg/l). Each day groundwater is
being withdrawn by the village people for the fulfillment of their basic needs and for
agricultural purposes. With the groundwater along with high concentration of arsenic (As),
many other heavy metals are also getting introduced in the environment. In the areas
with a long history of use of such groundwater, the agricultural lands have been affected
severely. The extent of contamination has increased to a level where the crops grown in
those lands are becoming a major source for arsenic and other heavy metals poisoning
and subsequently transfer to different trophic levels. Based on this concern a somewhat
detailed study was carried out to obtain an idea about the magnitude of soil and water
contamination in the area. The mean concentrations (mg/kg) of As (9.67), Fe (9275.58),
Mn (190.04), Cu (26.53), and Zn (36.04) in the control land soils were found within the
normal range. Whereas the mean As (54.40), Fe (15745.50), Mn (307.90), Cu (69.33), and
Zn (44.56) were found to be in higher, mainly arsenic which is at an alarming point. In case
of water samples, the pond water was having the mean concentration (µg/l) of As (32.63),
Fe (57.21), Mn (30.25), Cu (0.82). Whereas in case of shallow groundwater there was more
increase in the case of As (76.43), Fe (5493.22), Mn (253.63), and Cu (1.82). It was also
observed that Zn although present in soil samples, it was below detection limits in case of
water samples. The As concentration in soil and water showed a positive correlation. Also
the correlation analyses between soil arsenic and other heavy metals shows a positive
co-relation with all of them.
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INTRODUCTION
Groundwater is an important natural resource for domestic and
industrial water supply as well as agricultural purposes. But the
over exploitation of groundwater resources especially As contam-
inated groundwater is now the major concern to health safety
and the sustainable agriculture. The natural occurrence of arsenic
in groundwater constitutes a major setback in the provision of
safe drinking water to millions of people in Asia and world-
wide (The World Bank, 2005). This issue makes a wide range of
problems in terms of water quality as well as quantity and it is
emerged during the past three decades. Arsenic is by far one of
the most toxic elements in the environment (Cullen and Reimer,
1989; Dermatas et al., 2004; Hudson-Edwards et al., 2004) and
is responsible for the highest risks of morbidity and mortality
worldwide, both because of its toxicity and the number of peo-
ple exposed (Hopenhayn, 2006). The World Health Organization
(WHO, 2007) permissible limit for arsenic is 0.01mg/l for drink-
ing water and FAO permissible limit is 0.10 mg/l for irrigation
water (Bhattacharya et al., 2009; Ahsan and Del Valls, 2011).
Whereas the concentrations of As in non-contaminated soils
range from 0.1 to 10mg/Kg (Kabata-Pendias and Pendias, 1992).
The immediate and long-term impact of using As contaminated
water for irrigating paddy soils is a burning concern as arsenic
can transfer from water to soil and several studies have proven
this phenomenon.
Many Asian countries are known to be affected by high
groundwater As concentrations as a result of chemically reduc-
ing aquifer conditions. The estimates of the rural population
exposed to unsafe As levels by drinking untreated groundwater in
India, China,Myanmar, Pakistan, Vietnam, Nepal, and Cambodia
have grown to over 100 million (Ravenscroft et al., 2009). In
India Arsenic is naturally derived mainly from eroded Himalayan
sediments, and is believed to enter in the solution following
reductive release from solid phases under anaerobic conditions
(Polizzotto et al., 2008). And within basins, it follows that arsenic
release from Himalayan-derived sediments will be initiated at the
point, in time and space, corresponding to the aerobic–anaerobic
transition (Winkel et al., 2008; Fendorf et al., 2010). But there
is uncertainty in the pathways which is partly attributed to a
poor understanding of groundwater flow paths mainly altered by
extensive irrigation pumping in the Ganges–Brahmaputra delta
(Fendorf et al., 2010). Although many authors have reported
arsenic-rich pyrite in the sediment samples of Ganges delta
of West Bengal (Das et al., 1996; Roychowdhury et al., 1999;
Chakraborti et al., 2001). Some authors also have argued that
arsenic is mobilized by slow reduction of iron oxyhydroxides or
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sorbed arsenate by detrital organic carbon (Nickson et al., 1998).
Whereas others have suggested that arsenic may have recently
been released through sulfide oxidation reactions that is induced
by the massive increase in dry-season irrigation pumping (Das
et al., 1995; Chowdhury et al., 1999). Though the exact chemical
conditions and reactions leading to Asmobilization are still under
debate, it is generally assumed and accepted that microbial and/or
chemical reductive dissolution of As-bearing iron minerals in the
aquifer sediments is the main cause for the release of As (Winkel
et al., 2008).
It is also studied that the important factors affecting As chem-
istry and its mobility in soils are soil solution chemistry (pH and
redox conditions), solid composition, As-bearing phases, adsorp-
tion and desorption, and biological transformations, volatiliza-
tion, and cycling of As in soil (Sadiq, 1997; Goh and Lim, 2005).
Moreover, organic content, soil fractions and oxides of Al, Fe,
and Mn also affect the amount of As in soil (Chauhan et al.,
2012). Also metal sulfide, temperature, salinity, distribution, and
composition of biota appear to be significant factors for deter-
mining the fate and transport of As (Ning, 2002). Fixation of As
with iron oxide surfaces is an important reaction in the subsur-
face soil as iron oxides are widespread in the nature as coatings
on other solids, also because arsenate adsorbs strongly to iron
oxide surfaces in acidic and near-neutral pH conditions (Ahsan
and Del Valls, 2011). Apart from these, there may be additional
factors that could add further complication to potential arsenic-
release mechanisms from sediments. These factors may include
the predicted mobilization of sorbed arsenic by phosphate gener-
ated from the intensive use of fertilizers in the agricultural fields
(Acharyya et al., 1999), or by carbonate produced via micro-
bial metabolism (Appelo et al., 2002; Harvey et al., 2002), or by
changes in the sorptive capacity of ferric oxyhydroxides (Smedley
and Kinniburgh, 2002).
Presently, the extent of groundwater arsenic contamination in
West Bengal has reached an alarming situation as nine districts of
West Bengal have been reported to have groundwater arsenic con-
centrations above 50µg/L and several people have been affected
by arsenic poisoning (Chakraborti et al., 2009). With time the
concern for arsenic and other heavy metals contamination of soil
and groundwater and its transfer to human and other forms of
lives through agriculture and other means has gainedmuch atten-
tion. It is seen that the total exposure of arsenic to humans and
animals is the sum total of exposures from the diet, drinking
water, direct ingestion of soil and dust, inhalation, and percu-
taneous absorption (WHO, 2000; Hopenhayn, 2006). Whereas
food represents a further potential exposure pathway to arsenic in
instance where crops are irrigated with high arsenic groundwa-
ter, grown in contaminated fields or where food is cooked using
arsenic contaminated water (The World Bank, 2005; Ahsan and
Del Valls, 2011; Halder et al., 2012). However, the pathway of
exposure may vary from region to region depending on human
activities, geological composition of the aquifer, and bioavailabil-
ity of arsenic and other heavymetals (Grissom et al., 1999; Álvarez
et al., 2003).
The groundwater arsenic situation in Nadia district is of deep
concern in terms of level of arsenic and areal coverage. It is mainly
an agricultural based district. As given in the recent district
website update, in 2000–2001 the total agricultural land that had
irrigation facilities rose to 78.10%. And with the basic mode of
irrigation being shallow groundwater, there is an increasing con-
tamination of soil which has raised a concern among the local
as well as the people residing nearby. This study reconstructs the
initial phase of contamination of shallow as well as the adjacent
agricultural fields irrigated with As contaminated water resources
in the village of Chakdaha. The main feature of the study area
is the differentiation of a high-As aquifer upstream of a low-As
aquifer, from which pumping for irrigation is done for the past
several decades. Also there is an alternative small scale irrigation
by the harvested rainwater which typically contain less than 50µg
of As per liter of water and therefore meet the FAO guideline for
As in drinking water, whereas As in the groundwater from most
shallow tube-wells exceeds the bothWHOand FAO limits (WHO,
2007, 2008). Through this study we characterize soils and associ-
ated groundwater for the assessment of the severity and extent of
As and other heavy metal contamination. And this can be con-
sidered essential for devising and planning remedial measures to
minimize adverse impacts of groundwater and soil As on human
health through agriculture.
Thus, the objective of the present study was: (I) To determine
the arsenic and other heavy metals concentrations in soils and
in irrigation water in the agricultural area of Chakdah and, (II)
To determine the important chemical and physical factors which
influence heavy metals concentrations in agricultural soils.
MATERIALS AND METHODS
SAMPLING SITE
Nadia district of West Bengal is highly contaminated with
Arsenic (Bhattacharya et al., 2009). Chakdah block (latitude
23◦01′15.31′′N and longitude 88◦38′36.86′′E) of Nadia district
has been chosen for present study where the level of Arsenic in
groundwater is frequently exceeding the WHO permissible limit
for drinking water and FAO permissible limit for irrigation water
(FAO, 1985; WHO, 1992). Chakdaha block, 65 km to the north of
Kolkata, is located in the Ganges River delta floodplain and bor-
dered on the west side by the Hooghly River, the largest tributary
of the Ganges in West Bengal, India. The specific sampling site
was Dewli Gram Panchyat (Supplementary Figure 1). The study
area is shown in Figure 1 with the sampling locations.
COLLECTION AND PRESERVATION OF SAMPLES
The collection of pump and pond water along with the agri-
cultural soil cores for each set-up was done over the period of
February–May 2013. Water samples were collected in pre-washed
bottles of 125ml from each source. Soon after the collection of
water samples, the pH, electrical conductivity (EC), oxidation
reduction potential (ORP, with respect to Standard Hydrogen
Electrode; Appelo and Postma, 2005) were measured on site using
an automatic analyzer of HACH sensION™. The water samples
were then filtered using Whatman 0.45µ filter paper and fixed
using HNO3 in the field and were taken to laboratory for arsenic
and other heavy metal analyses (Loring and Rantala, 1992). For
soil samples, soil cores 20 cm in length were collected using the
PVC pipes (van Geen et al., 2006) (Supplementary Figure 2). The
soil samples were then taken to laboratory and 1:2.5 soil/solution
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FIGURE 1 | Map of the study area.
ratio of each sample was used to analyze pH, EC, and ORP
using the same instrument following method explained by Hess
(1972). The remaining soil samples were kept for drying. Then
air-dried soil samples were grounded and passed through 2mm
sieve and homogenized to make a representative sample (Bose
et al., 2008).
CHEMICAL ANALYSIS OF SOIL SAMPLES
Walkley and Black’s method was used for the determination of the
percentage by dry mass of organic matter in a soil sample (Walkey
and Black, 1934). For the digestion of soil samples for determin-
ing heavy metals about 0.5 g each of the dried samples was taken
in digestion tubes and 5ml of concentrated HNO3 was added to
them. The mixtures were allowed to stand overnight under fume
hood. The following day, the digestion tubes were placed on a hot
plate and heated at 60◦C for 2 h. Then the tubes were allowed
to cool at room temperature. After which 2ml of concentrated
HClO4 and 3ml of concentrated H2SO4 were added to it. The
tubes were then heated at 160◦C for about 2–3 h. The heating was
stopped when the dense white fume of HClO4 was emitted. The
product was then cooled, diluted to 25ml with de-ionized water
and filtered through Whatman 0.45µ filter papers and finally
stored in polyethylene bottles (Bhattacharya et al., 2009). Later
the samples were analyzed by ICP-MS (Thermo Scientific Q-ICP-
MS, XSeries 2) as a chromatographic detector. And the off-line
data from the ICP-MS were processed with special chromato-
graphic software (ThermoPlasmaLab) for the arsenic and total
metal contents in it.
ANALYSIS OF WATER SAMPLES FOR ARSENIC AND OTHER HEAVY
METALS
The acid fixed filtered water samples were directly analyzed
by ICP-MS (Thermo Scientific Q-ICP-MS, XSeries 2) as a
chromatographic detector. And the off-line data from the
ICP-MS were processed with special chromatographic software
(ThermoPlasmaLab) for the arsenic and total metal contents in
it (Roychowdhury et al., 2002).
STATISTICAL ANALYSIS
Statistical analysis was performed using the Sigmaplot
(Systat.SigmaPlot.v11.0). Here the correlation analyses were
carried out between arsenic concentration and other heavy
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metals concentration in soil to determine the degree of
associations. An alpha value of 0.01 was employed for all these
analyses.
RESULTS
PHYSICO–CHEMICAL PROPERTIES OF SOIL ANDWATER SAMPLES
The selected physicochemical properties of the soil and water of
the study area are presented in Table 1 (Supplementary Table 1).
In the present study it was observed that the paddy cultivated
fields have slight higher pH than the control fields which has led
to the desorption of As from the sorption sites in soil with increas-
ing pH (Khan et al., 2010). The water in both cases was alkaline
but more alkalinity was observed in case of the pond water due
to the use of pond for domestic purposes, discharge of deter-
gents and lime to neutralize the water as pond is being used for
fish farming. Also a marked difference in the oxidation-reduction
potential (ORP) was observed in case of the two water sources.
The groundwater showed negative value due to the prevalence of
reducing condition inside (Turpeinen et al., 1999, 2002). A nega-
tive ORP is one of the most important factors owing to the release
of arsenic in the aquifers. Also the present irrigation system of the
agricultural land did not affect the general properties of the soils,
as no significant differences were found in the soil pH, EC, or
Zn, or organic carbon (OC) in both control and contaminated
agricultural field.
ARSENIC AND OTHER HEAVY METALS IN SOIL ANDWATER SAMPLES
The concentrations of arsenic and other heavy metals determined
in the soil and water are mentioned in Table 2 (Supplementary).
Figure 2A shows the comparison of arsenic concentration
between control and the contaminated agricultural soil. The con-
centration of arsenic (9.67 ± 0.24mg/kg) and other heavy metals
in the control field were within the normal range (O’Neil, 1995).
Whereas the agricultural soil of the study area has become highly
contaminated with arsenic (>54mg/kg) due to the continuous
use of arsenic rich shallow groundwater for irrigation purpose.
The study showed (Figure 2B) that the concentration of
arsenic even in the pondwater was above than the safety standards
(32.63 ± 0.88µg/l) given by WHO (10 ppb) although below than
ISI (Indian Standard of Bureau) standard (50 ppb). The sources
of the control water, i.e., pond water are not only rain water,
but the supply from the shallow tube well during the dry sea-
son. Various climatic and geomorphic condition of an area, such
as rainfall, runoff, rate of infiltration, and the groundwater level
and its fluctuation, also affect the mobility and redistribution of
As (Bhattacharya et al., 2002). Other heavy metals concentrations
were much below than permissible limits given by WHO (WHO,
2007; Yadav et al., 2013), whereas the average arsenic concentra-
tion in the groundwater of the study area is 76.43µg/l, which is
much above the prescribed limits by WHO and ISI, affecting the
soil quality adversely.
Table 1 | Showing the physico–chemical parameters of the soil and water samples.
Parameters pH mean ± SD EC (µS/cm) mean ± SD ORP (mV) mean ± SD %OC mean ± SD
Control fields (n = 50) 7.99±0.17 19.61±0.29 150.26±2.35 2.176± 0.08
Paddy cultivated fields (n = 150) 8.10±0.24 22.09±0.37 166.09±2.83 1.731± 0.06
Pond water (n = 20) 8.21±0.13 188.63±1.46 89.06±1.27 NA
Groundwater (n = 40) 7.63±0.11 231.59±1.82 −125.03±1.48 NA
Where n, no. of samples; SD, standard deviation; EC, Electrical Conductivity; µS, micro Siemen; ORP, Oxidation-Reduction Potential;mV, milli Volts; OC, Organic
Carbon; %, percentage; NA, Not applicable.
FIGURE 2 | Graph showing comparison of As concentration between (A) control and contaminated soil; and (B) pond water and shallow
groundwater.
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CORRELATION ANALYSES
Figure 3 shows the correlation analysis done for As concentra-
tion in soil and water of the study area (Supplementary Table 3).
It was observed that the As concentration in soil shows a signifi-
cant correlation with As concentration in water (Alam and Sattar,
2000), specially As rich irrigation water can enrich the As level in
FIGURE 3 | Correlation plot between arsenic in shallow groundwater
vs. arsenic in soil, collected from the agricultural soil.
agricultural soil up to five times than normal (Saha and Ali, 2007;
Ahsan et al., 2008) which found in our study also. The correla-
tion found in the study was of the value of r = 0.71, p << 0.01,
although a very fair correlation was observed in the study con-
ducted by Roychowdhury et al. (2002) in West Bengal. Also the
present irrigation system of the agricultural land did not affect the
general properties of the soils, as no significant differences were
found in the soil pH, EC, or Zn, or organic carbon (OC) in both
control and contaminated agricultural field.
The correlation analyses were carried out, the results of which
are shown in Figure 4. The result showed significant correla-
tion between As and Fe (r = 0.79, p << 0.01), As and Mn (r =
0.79, p << 0.01), As and Zn (r = 0.80, p << 0.01), and As and
Cu (r = 0.80, p << 0.01). Similar results were obtained by the
study conducted by Roychowdhury et al. (2002) in Murshidabad
district, India.
DISCUSSION
The values of selected physicochemical properties of the soil
in each case for both control fields as well as paddy cultivated
contaminated fields were more than the study conducted by
Bhattacharya et al. (2009) in the nearby areas. From the previous
studies, the fact has been well established that As(III) and As(V)
sorb rapidly and extensively onto a variety of metal (e.g., Fe, Al)
(hydro)oxides, carbonates, organic matter, and clay minerals and
the process is pH-dependent (Ali, 2003; Ali et al., 2003; Goh and
FIGURE 4 | Correlation plots between arsenic and other heavy metals in soil, collected from paddy cultivated agricultural field.
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Lim, 2005; Wang and Mulligan, 2006). The adsorption of As (III)
and As (V) by Fe oxides is influenced by pH. Depending on the
isoelectric point of the adsorbent solid, the adsorption of As (V)
decreases with increasing pH (Hisa et al., 1994). However, the
adsorption of As (III) increases with increasing pH. The Fe oxides
also have a pH dependent charge. The point of zero charge (pzc)
of Fe oxide occurs at approximately pH 8, where As (III) and As
(V) are adsorbed to both positively and negatively charged sur-
face (Kosmulski, 2009). As pH increases in any system, As (V) is
desorbed from Fe(OH)3, and the rate of desorption for As (V)
can be quite high (Fuller et al., 1993). The similar trend was
observed in the comparative study of soil samples. Whereas in
case of groundwater, the ORP showed negative value due to the
prevalence of reducing condition inside. Arsenate is much more
strongly absorbed than arsenite because of its greater negative
charge at the same pH (Ali and Ahmed, 2003). It was also con-
firmed that the groundwater is highly contaminated with arsenic
thus similar to the result found by Marin et al. (1993) where the
water soluble arsenic concentration had an inverse relation to the
redox.
The concentrations of As in non-contaminated soils range
from 0.1 to 10mg/kg (Kabata-Pendias and Pendias, 1992).
Roychowdhury et al. (2002) reported that the mean As concen-
tration of agricultural lands of West Bengal, was 10.7mg/kg, with
a range of 3.3–31.6mg/kg. In the present study, As content in
examined agricultural soils was higher than the studies reported
from Bangladesh and West Bengal. The mean value for arsenic
was found to be 54.40mg/kg in this study. From the data retrieved
and shown in Table 2, it can be seen that the arsenic concentra-
tion of the paddy cultivated fields are much above the maximum
acceptable limit for agricultural soils i.e., 20mg/kg as given by
the European Community (Rahman et al., 2007). The arsenic
concentration is at an alarming level and can now easily be hyper-
accumulated by the crops (Ali, 2003; Liu et al., 2005; Ahsan and
Del Valls, 2011).
Correlation analysis showed a significant correlation with the
heavy metals which is similar as found by the study carried out
by Roychowdhury et al. (2002) in Domkal area of West Bengal.
Ahsan et al. (2008) also found a significant correlation although it
was very weak between As and Fe in both the study areas. Similar
to our result, a significant correlation was observed between As
with Fe and Mn in the study conducted by Cai et al. (2002) in
South Florida. Based on the studies conducted by many authors
it is expected that surface soil of agricultural land accumulates
arsenic from contaminated water due to its high affinity with
metal oxides/hydroxides in soil (Ahsan and Del Valls, 2011). Soil
organic matter has not any significant role in As sorption in soil,
especially in presence of effective sorbents such as hydrous Fe
oxides (Livesey and Huang, 1981; Wenzel et al., 2002).
There were only 15,700 shallow tube wells in 1976–1977 and
their count rose to 64,637 by 2000–2001 (www.nadia.gov.in).
And as the irrigation in the area is mainly dependent on the
shallow groundwater, it was quite important to assess the arsenic
and other heavy metals concentration in the groundwater as well
as agricultural soils. Rice is a wetland plant, which requires a
huge amount of water for cultivation, which leads to increase the
mobility of As in the irrigation land (Halder et al., 2013), thus the
concentration of arsenic and other heavy metals directly affects
the quality of soil as well as quality of crop. Boro (dry season) rice
requires approximately 1000mm of irrigation water per season,
which is promoting by 1µg/g per year soil As concentration due
to irrigation with As contaminated water (Meharg and Rahman,
2003). Although the long-term trends of As concentrations in
irrigated paddy soils are difficult to assess due to large spatial het-
erogeneity and temporal variability (Dittmar et al., 2007). The
average arsenic concentration in the groundwater of the contam-
inated area 122.57µg/l, is much above the prescribed limits by
WHO, i.e., 10µg/L. The results were similar to the study con-
ducted by Bhattacharya et al. (2009) in Chakdah block; where the
levels were also above the WHO standards. This high concentra-
tion of arsenic in the groundwater clearly justifies the high soil
arsenic contamination. Many arsenic-contaminated sites are also
contaminated with other heavy metals namely, Cu, Zn, and Ni
(Chirenje et al., 2003) though which is not prevalent in our study.
So it’s essential to focus on evaluation ofmetal addition on arsenic
distribution which will shed more light on remediation of arsenic
contaminated soils. It was also observed that the concentration of
other heavymetals mentioned in Table 2, were under the safe lim-
its given by WHO. But, with time the other metal concentration
can be increased like As.
CONCLUSION
With groundwater-based water supply and irrigation projects
being implemented across arsenic affected regions, there is a seri-
ous need to address this issue. Based on our investigation it can
be clearly seen that the level of As in shallow groundwater in
the study area is very much above the WHO permissible limit
of 10µg/l. Eventually, the soils build-up of As is be due to the
Table 2 | Concentration of arsenic and other heavy metals (mg/kg) in soils and water (µg/l) samples.
Elements Soil: mean ± SD (mg/kg) Water: mean ± SD (µg/l)
Control field (n = 50) Agricultural field (n = 150) Pond (n = 20) Groundwater (n = 40)
As 9.67±0.24 54.40±1.62 32.63±0.88 76.43±2.35
Fe 9275.58±6.37 15745.50±18.27 57.21±2.91 5493.22± 4.38
Mn 190.04±3.96 307.90±2.65 30.25±2.53 253.63±2.93
Cu 26.53±0.52 69.33±1.83 0.82±0.28 1.825±0.42
Zn 36.45±0.69 44.56±0.36 Bdl Bdl
bdl, below detection limits.
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long term and continuous use of the contaminated groundwa-
ter for irrigation purposes. Apart from arsenic other heavy metals
are also posing threat to various life forms from the mode of
transfer that is agriculture. With time these are also getting accu-
mulated in the fields and contaminants can be accumulated in the
human through bioaccumulation. There is no regulating body in
India to check As in food grains as this is a developing country
and with deficit of food. This is also a matter of concern that
the people who live in the As contaminated area are not only at
risk but other people also from other part of India are in risk
as they are consuming As contaminated food produced in these
areas. Thus, there is a serious immediate concern for the people
and other life forms regarding the poisoning through crops and
drinking water as well. Major steps are needed to be taken, which
mainly involve the active institutional integration of water sup-
ply with water management concerns, coming up with concrete
actions when arsenic is detected in a certain area, overcoming the
political economy constraints and mitigation activities, a strate-
gic research agenda to answers such issues as the dose-response
relationships for arsenic, study of arsenic in the food chain, and
geohydrological and hydrochemical research.
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